L-Amino acid ligase catalyzes dipeptide synthesis from unprotected L-amino acids in an ATP-dependent manner. We have purified a new L-amino acid ligase, RizA, which synthesizes dipeptides whose N-terminus is Arg, from Bacillus subtilis NBRC3134, a microorganism that produces a rhizocticin peptide antibiotic. It was suggested that RizA is probably involved in rhizocticin biosynthesis. In this study, we performed sequence analysis of unknown regions around rizA, and newly identified a gene that encodes a protein that possesses an ATP-grasp motif upstream of rizA. This gene was designated rizB, and its recombinant protein was prepared. Recombinant RizB synthesized homo-oligomers of branched-chain L-amino acids and L-methionine consisting of two to five amino acids in an ATPdependent manner. RizB also synthesized various heteropeptides. Further examination showed that RizB might elongate a peptide chain at the N-terminus. This is the first report on an L-amino acid ligase catalyzing oligopeptide synthesis.
L-Amino acid ligase (EC 6.3.2.28) synthesizes dipeptides from unprotected L-amino acids in an ATPdependent manner.
1) The YwfE protein from Bacillus subtilis 168 was the first reported L-amino acid ligase, [2] [3] [4] and new members of it have been reported, including the RSp1486a protein from Ralstonia solanacearum JCM10489, 5) the BL00235 protein from Bacillus licheniformis NBRC12200, 6) and the PSPPH 4299 protein from Pseudomonas syringae pv. phaseolicola 1448A. 7, 8) These proteins were obtained by in silico analysis using the ATP-grasp motif, a signature of the ATP-dependent carboxylate-amine/thiol ligase superfamily, 9) as one of the indexes; their identities were determined by amino acid sequence analysis of 18-26% of the protein. L-Amino acid ligase is very efficient in the production of peptides, 3) but currently known L-amino acid ligases synthesize only dipeptides. Hence a novel L-amino acid ligase capable of catalyzing oligopeptide synthesis is required to increase the variety of peptides currently being synthesized using L-amino acid ligases.
L-Amino acid ligase belongs to the ATP-dependent carboxylate-amine/thiol ligase superfamily and generally requires ATP and Mg 2þ for peptide synthesis. A mechanism of dipeptide synthesis by L-amino acid ligase has been proposed: (i) an amino acid serves as an N-terminal substrate and undergoes initial phosphorylation at its carboxyl group, and an aminoacyl phosphate is synthesized as the reaction intermediate; (ii) the aminoacyl phosphate is then nucleophilically attacked by the other amino acid; and (iii) phosphate is released, resulting in the dipeptide.
1) The synthesis of aminoacyl phosphate as a reaction intermediate is the common step among the enzymes belonging to the ATP-dependent carboxylate-amine/thiol ligase superfamily. 10, 11) Recently, we reported a new L-amino acid ligase, RizA, from Bacillus subtilis NBRC3134 (ATCC6633), a microorganism that produces the rhizocticin peptide antibiotic. [12] [13] [14] Depending on chemical structure, four types of rhizocticins have been reported: rhizocticin A: L-arginyl-L-2-amino-5-phosphono-3-cis-pentenoic acid (Arg-APPA); rhizocticin B: L-valyl-L-arginyl-L-2-amino-5-phosphono-3-cis-pentenoic acid (Val-Arg-APPA); and rhizocticin C and D, which are the same as rhizocticin B but contain L-isoleucine (Ile) and L-leucine (Leu) respectively in place of Val. 15) We purified RizA from B. subtilis NBRC3134 by detecting L-arginine hydroxamate synthesis activity. It was found that RizA catalyzed Arg-Xaa dipeptide synthesis (Xaa, arbitrary amino acids) but not the synthesis of tripeptides. 13) Hence RizA might be involved in the biosynthesis of rhizocticin A, and other enzymes might be required for the synthesis of tripeptides such as rhizocticin B, C, and D. In addition, we analyzed the DNA sequences of unknown regions around rizA, because we considered that the genes involved in rhizocticin biosynthesis might form a cluster, as observed in the case with other antibiotics. 4, 16, 17) We have already identified three genes encoding proteins that might catalyze the synthesis of C-P compounds such as APPA. 13) In the present study, sequence analysis of unknown regions around rizA was performed, and we found a novel L-amino acid ligase, RizB, capable of catalyzing oligopeptide synthesis. Furthermore, we examined several characteristics of RizB.
Materials and Methods
Materials. Bacillus subtilis NBRC3134 (ATCC6633) was from the NITE Biological Resource Center (Chiba, Japan). Escherichia coli BL21(DE3) and pET-21a(+) vector were from Merck (Darmstadt, Germany). DNA cassettes for sequence analysis were from Takara Bio (Shiga, Japan). All the other chemicals used are commercially available and were of chemically pure grade.
y To whom correspondence should be addressed. Fax: +81-3-3232-3889; E-mail: kkino@waseda.jp Sequence analysis and gene annotation. DNA manipulations were performed by the methods of Sambrook et al., 18) with minor modifications. To analyze the DNA sequences of unknown regions around rizA, a cassette polymerase chain reaction (PCR) method was used. 13, 19) Sequence analysis was performed by the primer-walking method with primers designed on the basis of sequencing results. To predict the function of the protein encoded by each gene, a Pfam search 20) and a BLAST search 21) were performed. To predict the transcriptional start site, reverse transcription-PCR was performed using the ReverTra-Plus kit (Toyobo, Osaka, Japan). The following primers were used: R1, (5 0 -CTCTTTTATTTGAGAGAACACGTTG-3 0 ); F1, (5 0 -TAATGCTGACTTCAACTGAACG-3 0 ); F2, (5 0 -GCGAT-TAGCATTTTAATACTGAACA-3 0 ); and F3, (5 0 -GGACAGGAAA-TGTCTTCTGATG-3 0 ). Total RNA was extracted from B. subtilis NBRC3134 cultivated in the production medium for 2 d. 13, 22) Overexpression of rizB and preparation of RizB. The gene encoding a putative L-amino acid ligase was designated rizB (DDBJ accession no. AB467270). rizB-P1 and rizB-P2 were amplified from genomic DNA of B. subtilis NBRC3134 by PCR, and the following primers were used (restriction sites are underlined): P1 sense, (NdeI,
0 -GGAATTCCATATGAGCATTTTAATACTGAACAAAA-CCT-3 0 ); and P2 anti, (BamHI, 5 0 -CGCGGATCCGATTTGAGAGAA-CACGTTGA-3 0 ). The PCR fragments were digested with appropriate restriction enzymes and then ligated into the pET-21a(+) expression vector. The resulting plasmid was designed to express the gene with a C-terminal His-tag sequence under the control of the T7 promoter. The plasmids were introduced into E. coli BL21(DE3).
Recombinant E. coli cells were cultured in 3 ml of Luria-Bertani medium (1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl) containing 100 mg/ml of ampicillin (final concentration) at 37 C for 5 h with shaking at 160 rpm. Cultivated cells were transferred to 100 ml of fresh Luria-Bertani medium that contained 100 mg/ml of ampicillin (final concentration) and were incubated at 37 C for 1 h with shaking at 120 rpm. Isopropyl--D-thiogalactopyranoside (final concentration, 0.1 mM) was then added, and cultivation was continued at 25 C for 19 h with shaking at 120 rpm. The cells were harvested by centrifugation (4;160 Â g, 10 min, 4 C), resuspended in 100 mM TrisHCl buffer (pH 8.0), and then disrupted by sonication at 4 C. Cellular debris were removed by centrifugation (20;000 Â g, 30 min, 4 C), and the supernatant was collected and purified with a HisTrap HP Ni-affinity column (GE Healthcare, Buckinghamshire, UK). The active fraction was then desalted with a PD-10 column (GE Healthcare) equilibrated with 100 mM Tris-HCl buffer (pH 8.0). To confirm the presence of protein in the solution, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli.
23) The protein concentration was determined by the Bradford method, with bovine serum albumin as the standard.
Characterization of RizB. The L-amino acid ligase activity of RizB was assayed as follows, unless otherwise specified: The standard reaction mixture (total volume, 0.3 ml) contained 0.1 mg/ml of RizB, 12.5 mM ATP, 12.5 mM MgSO 4 . 7H 2 O, and 12.5 mM amino acid substrates in 100 mM Tris-HCl buffer (pH 8.0). The reaction was performed at 30 C for 20 h. To detect peptide synthesis activity, the amount of phosphate released during the reaction was determined with the Determiner L IP kit following the manufacturer's protocol (Kyowa Medex, Tokyo). To confirm peptide synthesis, reaction mixtures were analyzed by liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) (HPLC; Agilent 1100 series, Agilent Technologies, Santa Clara, CA; ESI-MS; LCQ Deca, Thermo Scientific, Waltham, MA) and HPLC (L-2000 series; Hitachi High Technologies, Tokyo). The details of analytical procedures are described in our previous publications. 13, 24) To determine substrate specificity, every combination of one or two amino acids selected from 20 proteogenic amino acids was examined. During analysis for homopeptide synthesis, the substrate concentration used was 25 mM. To test reactivity with D-amino acids, reactions were carried out with D-form amino acids. To test the reactivity with amino
, and L-phenylalanine methyl ester (Phe-OMe) were used as N-and C-protected amino acid substrates. To test reactivity with dipeptides, a reaction was carried out with L-valyl-L-valine (Val-Val) as the substrate. In addition, a reaction with a combination of Val and L-arginyl-L-serine (Arg-Ser) was conducted.
To examine the time course of peptide synthesis, a reaction mixture containing 0.1 mg/ml of RizB, 20 mM Val, 50 mM ATP, and 25 mM MgSO 4 . 7H 2 O in 100 mM Tris-HCl buffer (pH 9.0) was prepared, and this was incubated at 37 C. The reaction mixture was analyzed by HPLC.
To characterize RizB, ATP was replaced with GTP, CTP, or TTP, .0-10.0) and 100 mM borate buffer (pH 9.0-11.0) were used, and the reaction with Val as a substrate was performed at 30 C for 1 h. To determine the optimum temperature, the reaction temperature was set between 20 C and 60 C, and the reaction with Val as substrate was performed in 100 mM Tris-HCl buffer (pH 8.0) for 1 h. In each case, optimal conditions were determined by measuring the amounts of
Results

Search for a gene encoding L-amino acid ligase
We formulated the hypothesis that the genes involved in rhizocticin biosynthesis form a cluster, and that a gene in this cluster encodes a novel L-amino acid ligase that catalyzes tripeptide synthesis. Hence the DNA sequences of unknown regions around rizA were analyzed. We found a novel gene, located about 9,000 bp upstream of rizA, that encodes a protein possessing an ATP-grasp motif. The gene starts from an ATG codon and codes for 380 amino acid residues. This open reading frame (ORF) was subsequently designated rizB-P1 (Fig. 1, position 1) . A BLAST search additionally showed that the amino acid sequence of RizB-P1 had 65% identity to that of a hypothetical protein, BL02410 (DDBJ accession no. CP000002) in B. licheniformis ATCC14580. The BL02410 protein has 405 amino acid residues and also possesses an ATPgrasp motif. Alignment of the two amino acid sequences showed the high degree of sequence conservation in the upstream region of RizB-P1 and the N-terminal region of the BL02410 protein (Fig. 1) . Thus the ORF starting from the ATT codon, which corresponds to the initial Met residue of the BL02410 protein, was designated rizB-P2 (Fig. 1, position 2) . ATT codons generally code for Ile, but some strains of bacteria and phages use ATT as a start codon. [25] [26] [27] [28] [29] Furthermore, transcriptional analysis was performed to predict the transcriptional start site of this gene. Primers were designed as follows: R1 was designed on the basis of the common C-terminal region of rizB-P1 and rizB-P2; F1 was designed on the basis of the region containing the ATG codon of position 1; F2 was designed on the basis of the region containing the ATT codon of position 2; and F3 was designed on the basis of an approximately 1,500-bp region upstream of rizB-P2. RT-PCR analysis, however, showed that proper DNA fragments were amplified in all cases (data not shown), which suggests that this gene was transcribed with a forward gene and might be transcribed as an operon. In addition, sequence analysis was performed to detect a ribosome binding site (RBS), but purine-rich regions, which are putative RBSs, 30, 31) were observed 6-10 bp upstream of each start codon. Therefore, we were not able to decide whether the actual start codon was ATG at position 1 or ATT at position 2.
Confirmation of L-amino acid ligase activity We cloned both rizB-P1 and rizB-P2 because the actual start codon was not determined. At the time of cloning, ATT at position 2 was replaced with ATG. Recombinant RizB-P1 and RizB-P2 were produced as C-terminal His-tagged proteins using the E. coli gene expression system. SDS-PAGE analyses showed that RizB-P2 was obtained in soluble form, while RizB-P1 formed an inclusion body. To obtain RizB-P1 in the soluble form, we further experimented with gene expression conditions, other host strains, and other tag sequences that promote protein solubility (data not shown), but we were unable to obtain RizB-P1 in soluble form. Hence only RizB-P2 was used to assay L-amino acid ligase activity. RizB-P2 was renamed RizB.
To investigate the L-amino acid ligase activity of RizB, homopeptide synthesis was examined using 20 proteogenic amino acids. First, since ATP is hydrolyzed to ADP and phosphate during peptide bond formation, the amounts of phosphate produced in the reaction mixture were measured. The measurement was performed twice, and the values were averaged. When Val or Leu was used as the substrate, approximately 8.8 mM phosphate was detected, and this was the highest value among 20 reactions. The formation of ADP in the reaction mixtures was additionally confirmed by HPLC (data not shown). Next, reaction mixtures were analyzed by LC-ESI-MS, and the results indicated that tripeptides, tetrapeptides, and pentapeptides were synthesized in addition to the dipeptides in the reaction mixtures containing Val, Leu, or Met as substrate (Fig. 2) . When Ile was used, the longest peptides detected by LC-ESI-MS were tetrapeptides. When Trp was used as the substrate, only dipeptides were detected. In addition, no peptides were detected when the other 15 amino acids were used as substrates. Thus RizB synthesized tripeptides as expected and, surprisingly, synthesized longer peptides. The amounts of phosphate released in the reactions were as follows: substrate (amount of phosphate); Val (8.8 mM) % Leu (8.7 mM) > Met (7.0 mM) ) Ile (3.3 mM) > Trp (1.9 mM). Greater amounts of phosphate released correlated with longer peptides being synthesized.
The time course of peptide synthesis was determined using Val as the substrate. The amount of each peptide synthesized increased with reaction time, but pentapeptides were not detected because their concentrations were lower than detectable (Fig. 3) . Thus oligopeptide synthesis by RizB was confirmed by LC-ESI-MS and HPLC.
Characterization of RizB
To determine substrate specificity, reactions involving a combination of Val and other proteogenic amino acids were conducted. LC-ESI-MS analysis showed that various heteropeptides were synthesized, although no heteropeptides containing Tyr, Pro, Cys, Asp, or Glu were detected (Table 1) . When Leu, Ile, or Met was used as substrate with Val, heteropeptides containing two residues of Leu, Ile, and Met were detected. These amino acids were also usable as substrates for homopeptide synthesis. In contrast, when other amino acids that were not usable for homopeptide synthesis were used as substrates, heteropeptides containing only one residue of these amino acids were detected. These results suggest that substrate recognition at the N-terminus influenced the resulting heteropeptide sequences. Hence, when Leu, Ile, and Met were used as substrates, heteropeptides with various combinations of two amino acids should be synthesized. In contrast, when other amino acids are used, they will probably be incorporated at only the C-termini of the heteropeptides. Furthermore, when D-form amino acids were used as substrates, very little phosphate was detected and no peptides were detected by LC-ESI-MS.
Reactions using various amino acid derivatives as substrates were then conducted. LC-ESI-MS analysis showed that heteropeptides containing C-protected amino acids were synthesized, but heteropeptides containing N-protected amino acids were not. When Arg-NHOH was used as the substrate with Val, ValArg-NHOH and Val-Val-Arg-NHOH were synthesized. In addition, when Phe-OMe was used instead of Arg-NHOH, Val-Phe-OMe and Val-Val-Phe-OMe were synthesized (Supplemental Table 1 To test reactivity with peptides, reactions using ValVal as sole substrate were conducted. Little phosphate was detected, and no products were detected by LC-ESI-MS. Thus RizB did not participate in peptide-to-peptide ligation. In addition, a reaction involving a combination of Val and Arg-Ser was performed. LC-ESI-MS showed that Val-Arg-Ser and Val-Val-Arg-Ser were synthesized, but no homopeptides of Val-Val and Val-Val-Val were detected. This suggests that RizB preferentially uses dipeptides as the C-terminal substrate.
RizB required ATP and Mg 2þ for L-amino acid ligase activity. ATP could not be replaced with GTP, CTP, or TTP, but Mg 2þ could be replaced with Mn 2þ and Co 2þ . However, the use of Mn 2þ or Co 2þ appeared to decrease L-amino acid ligase activity, because the maximum length of peptide synthesized by RizB became shorter. In the reaction in which Val was used as substrate, tetramers were the longest peptides synthesized when Mn 2þ was used, and trimers were the longest peptides synthesized when Co 2þ was used. The effects of pH and temperature on L-amino acid ligase activity were also examined (Fig. 4) . The optimum pH was within a range of 9.0 to 9.5, and activity decreased sharply above pH 10.0. The optimum temperature was found to be 40 C, and a significant decrease in activity was observed above 45 C. Val was used as the substrate. Peaks assigned are as follows: 
Discussion
A novel L-amino acid ligase, RizB, from B. subtilis NBRC3134 was found to catalyze oligopeptide synthesis from unprotected amino acid substrates in an ATP-dependent manner. Although only L-amino acid ligases that catalyze dipeptide synthesis have been reported, this is the first report on an L-amino acid ligase that synthesizes oligopeptides. RizB exhibited the highest activity when Val, Leu, Ile, and Met were used as substrates, and it synthesized various oligopeptides consisting of two to five amino acids. RizB showed specificity toward N-terminal substrates, but the specificity for C-terminal substrates was relaxed. Amino acid derivatives could also be used as C-terminal substrates.
Although ATG at position 1 is generally selected as the start codon, we selected ATT as a start codon of RizB at position 2 ( Fig. 1) . Alignment of the amino acid sequences of RizB and the BL02410 protein showed a high degree of sequence conservation, and ATT has been reported to function as the start codon. 25, 27, 32) Furthermore, we confirmed that the BL02410 protein synthesized oligopeptides when branched-chain amino acids were used as substrates, and an N-terminally truncated BL02410 protein, which corresponds to RizB-P1, formed an inclusion body, similarly to the case of RizB-P1 (data not shown). Hence the N-terminal region is important for the BL02410 protein to be produced in soluble form. Position 2 might be the actual translation start site of RizB, but further examination is necessary to clarify this issue. In addition, it has also been reported that the ATT codon plays a role in the translational repression of E. coli K-12.
33) The ATT codon at position 2 may therefore play the same role in B. subtilis NBRC3134.
RizB required ATP and Mg 2þ , and ATP was hydrolyzed to ADP and phosphate. This reaction mechanism is fundamentally the same as that of the L-amino acid ligases that catalyze only dipeptide synthesis. The reaction with C-protected amino acids showed that RizB ligated a single amino acid to a dipeptide at its N-terminus, resulting in a tripeptide. First, a dipeptide is synthesized from amino acids, as occurs in reactions catalyzed by known L-amino acid ligases; the resulting dipeptide then nucleophilically attaches to an aminoacyl phosphate of amino acid, forming a tripeptide. Further, the resulting tripeptide nucleophilically attaches to an aminoacyl phosphate of another amino acid, forming a tetrapeptide. As a result, the peptide is elongated at its N-terminus. Therefore, the prominent difference between RizB and known L-amino acid ligases that catalyze only dipeptide synthesis is that the former uses dipeptides, tripeptides, and pentapeptides as C-terminal substrates and the latter use C-terminal amino acid substrates only.
The optimum pH for RizB activity was 9, and the optimum temperature was 40 C, both are similar to that required by L-amino acid ligases that catalyze only dipeptide synthesis, e.g., RizA, YwfE, and RSp1486a. The amino acid sequence of RizB had 19-24% identity to that of the L-amino acid ligases that catalyze only dipeptide synthesis, and this similarity is very low. In addition, the sequence identities among the L-amino acid ligases that catalyze only dipeptide synthesis were also low, around 18-26%. Thus it is difficult to explain why RizB synthesizes oligopeptides solely on the basis of amino acid sequence alignment.
We have reported that RizA catalyzes the synthesis of an Arg-Xaa dipeptide (Xaa, arbitrary amino acid) and might be involved in rhizocticin biosynthesis.
13) The rizB gene was found to be located approximately 9,000 bp upstream of rizA; RizB catalyzes tripeptide synthesis and has substrate specificity for N-terminal branched-chain amino acids. No genes encoding proteins homologous to RizA and RizB were identified in the genome of B. subtilis 168 (DDBJ accession no. AL009126), a strain that does not produce rhizocticin. We can not confirm the role of RizA and RizB in rhizocticin biosynthesis due to the unavailability of APPA, but, on the basis of their substrate specificities, we consider that RizA and RizB might both be involved in ligation reactions leading to rhizocticin biosynthesis. In addition, we found several genes whose products might be involved in APPA biosynthesis in the region between rizB and rizA. 13) Sequence analysis is still in progress, and we expect to elucidate the mechanism of rhizocticin biosynthesis completely.
In conclusion, we have described a novel L-amino acid ligase that catalyzes oligopeptide synthesis, and our results indicate that peptides of varying lengths were synthesized. We expect that unknown L-amino acid ligases capable of catalyzing oligopeptide synthesis are present in other microorganisms, and further studies should focus on identifying these L-amino acid ligases so that they can be used to synthesize a wider array of peptides.
